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The First Morphometric Study of the Horn Morphological
Pattern in a Geotrupidae: The Case of the Dor Beetle
Ceratophyus rossii Jekel, 1865
Astrid Pizzo*, Fabio Mazzone, and Claudia Palestrini
Dipartimento di Scienze della Vita e Biologia dei Sistemi, Università degli studi di Torino,
via Accademia Albertina 13, 10123 Torino, Italy
Among beetles, thousands of species develop horns, the size of which is often extraordinarily dis-
proportionate with respect to body size. The Scarabaeidae is the family in which horned species 
are most predominant, but other families, such as the Geotrupidae (dor beetles), also show remark-
able horns, although in a more limited number of species. Horn expression mechanisms are well 
documented in Scarabaeidae but, despite the wealth of studies on this family, the horn morpholog-
ical pattern of the Geotrupidae, to our knowledge, has never been investigated. In this paper, we 
describe for the first time the horn expression pattern in a dor beetle. As a study species, we chose 
Ceratophyus rossii, an Italian endemic dor beetle of the protected Mediterranean maquis in Tuscany, 
which shows remarkable head and pronotal horns in males and a notable cephalic horn in females. 
We identified and modeled shape and size horn patterns combining traditional and geometric mor-
phometric approaches. We discuss the results in the wider landscape of developmental models 
described for other, more well-characterized, scarab beetles.
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INTRODUCTION
Many scarab beetles produce rigid outgrowths of the 
cephalic and/or thoracic exoskeleton, i.e., horns, typically 
used for mate choice and intraspecific combat (e.g. Eberhard, 
1978; Rasmussen, 1994; Emlen, 2000; Hunt and Simmons, 
2001; Iguchi, 2001; Hongo, 2003). These horns are often 
exaggerated in size and extremely diverse in shape; in 
exceptional cases, horn expression more than doubles body 
length and may account for approximately 30% of body 
mass (Moczek et al., 2006).
Horns or horn-like structures appear to have arisen 
repeatedly within the scarab beetles, in at least seven fam-
ilies, and are, in general but not always, confined to males 
(e.g. Arrow, 1951; Grimaldi and Engel, 2005; Emlen et al., 
2007; Kijimoto et al., 2012). The Scarabaeidae, and espe-
cially the Scarabaeinae (true dung beetles) and Dynastinae 
(rhinoceros beetles) subfamilies, is the predominant family 
in terms of the number of species with exaggerated horns. 
In both subfamilies, thousands of species express horns 
which have diversified with respect to location, shape, and 
number of horns expressed. However, other families, such 
as the Geotrupidae (dor beetles), also show remarkable 
horns, though in a more limited number of species (Emlen 
et al., 2007; Emlen, 2008). Scarabaeinae, Dynastinae and 
Geotrupidae are phylogenetically widely separated within 
the scarabs as a whole, leading to the view that scarab 
horns must have evolved independently many different 
times, and that they are easy to gain or lose (Arrow, 1951; 
Emlen et al., 2007).
The developmental mechanisms of horns and their intra 
and interspecific expression patterns are well studied espe-
cially in Scarabaeidae: within this family, due to its large 
number of species and its morphological variability, 
Onthophagus is the most studied genus (Emlen, 1997; 
Emlen and Nijhout, 1999; Emlen et al., 2005; Moczek, 2011; 
Palestrini et al., 2000; Pizzo et al., 2006a, b, 2012; Macagno 
et al., 2009, 2011a). Despite the wealth of studies on the 
Scarabaeidae, the horn expression pattern of the Geotrupidae, 
to our knowledge, has never been investigated.
From studies carried out on Scarabaeidae, it has been 
shown that horns can scale with body size through two main 
modes: linearly, in which horn length increases with respect 
to body size at a relatively constant (and faster) rate, or in a 
sigmoidal fashion, often implying a mechanism of threshold-
dependent development. In this latter case, only males that 
exceed a certain critical body size express fully developed 
horns; if they remain smaller, they may show only rudimen-
tary horns, or fail to develop them at all. (Moczek and 
Emlen, 1999; Moczek, 2011; Kijimoto et al., 2009). The two 
types of development may therefore underlie different onto-
genetic regulatory mechanisms (Emlen and Nijhout, 2000; 
Nijhout and Grunert, 2002; Kijimoto et al., 2012).
Moreover, some studies have also demonstrated that 
the growth of a horn is metabolically expensive and occurs 
in the virtually closed system of the pre-pupal stage, after 
the developing larva has stopped feeding (Emlen, 2001; 
Simmons and Emlen, 2006). The shared and limited pool of 
resources available at this stage can trigger competition for 
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nutrients, hormones, growth factors and morphogens 
between developing structures. This can result in morpho-
logical trade-offs in which the development of the exagger-
ated trait (the horn) can result in other structures (e.g. other 
horns, genitalia, other functional traits, such as eyes or 
wings) growing proportionally smaller (Emlen, 2001; Kawano, 
1995, 1997; Klingenberg and Nijhout, 1998; Moczek, 2009; 
Moczek and Nijhout, 2004; Nijhout and Emlen, 1998; Nijhout 
and Wheeler, 1996; Okada and Miyatake, 2009; Painting 
and Holwell, 2013; Parzer and Moczek, 2008; Pizzo et al., 
2012; Simmons and Emlen, 2006).
In this paper, we describe for the first time the horns 
morphological pattern in a dor beetle. We focused on the 
genus Ceratophyus, as its members bear two horns occur-
ring in the same basic body regions as the horns of more 
‘‘typical’’ horned scarabs; the anterior surface of the prono-
tum, and the dorsal surface of the head (Grimaldi and Engel, 
2005; Kijimoto et al., 2012). Moreover, the females in this 
genus also bear a cephalic horn. Due to the great similarity 
of the species within this genus, as representative for the 
genus we chose the Italian endemic C. rossii Jekel, 1865. 
We hope that beginning the study of horn expression in the 
Geotrupinae by starting from a species at risk of extinction 
may serve as an incentive for the investigation of other 
aspects of its biology, ecology, behavior and life history 
related with horn expression pattern highlighted here, 
although these probably not available for a long time yet.
As horn expression pattern can be represented by 
means of a static allometry based on measurements of con-
specific individuals at the same life stage (Eberhard and 
Gutierrez, 1991; Emlen and Nijhout, 2000; Moczek and 
Nijhout, 2003; Shingleton et al., 2007), we analysed the 
scaling relationship between body size and horns in adult C. 
rossii along a wide range of different body sizes. A land-
mark-based approach was also adopted to identify and 
quantify horn shape modifications along with body size vari-
ation.
Because males of C. rossii develop horns on both head 
and thorax, this species also provides an interesting oppor-
tunity for investigating whether the relative expression of 
one horn type is affected by the development of another 
horn type in another location in the same individual (trade-
off). To explore developmental correlation resulting in a 
trade-off between head and pronotal horns, we tested for 
possible negative correlations between measures of the rel-
ative investments in each horn type by each individual.
We then discussed our results in the framework of the 
results highlighted from other best-studied scarab beetles, 
mainly the Onthophagus, for a more complete understand-
ing of the meaning and the evolution of the secondary sex-
ual traits in beetles.
MATERIALS AND METHODS
Study species
The Geotrupidae are thought to represent an early offshoot of 
the superfamily Scarabaeoidea that may have diverged from the 
remaining dung beetles at least during the Lower Cretaceous 
according to fossil data (Krell, 2007). Ceratophyus is a monophyl-
etic genus composed of few species (Zunino, 1973; Cunha et al., 
2011; Bisby et al., 2011), all with a scattered Palearctic distribution 
(along the ancient northern margins of the Tethys) with the excep-
tion of one, isolated Nearctic species (Cartwright, 1966). Species 
within this genus are phenotypically very similar; certain identifica-
tion of each species is often impossible when only external mor-
phology is considered (Zunino, 1973).
C. rossii is an endemic species (IUCN national status) found 
only in an extremely restricted Tyrrhenian coastal region (Carpaneto, 
1976; Audisio, 2003; Agoglitta et al., 2012). This rare and localized 
species is an uncommon member of the winter beetle fauna of the 
protected Mediterranean maquis shrubland and it is considered to 
be at risk of extinction and protected by regional law (All. B, L.R. 56/
00) due to its extremely reduced and fragmented distribution area, 
and for the progressive loss of suitable habitats (Nistri et al., 1991). 
It is found only in a few relict dunes covered with sub-coastal wood-
land and consolidated dunes between Tombolo di Pisa, San Rossore 
and the Oasis of Burano near Grosseto (Tuscany) (Carpaneto, 
1976; Audisio, 2003). C. rossii has previously been reported occur-
ring in Sardinia (Bargagli, 1872) and Corsica (Mulsant and Rey, 
1871; Barthe, 1901; Boucomont, 1912; all cited by Dellacasa, 
2004), but these records have not been confirmed by subsequent 
surveys.
In males, the clypeus triangularly extends forward and upward 
in a long, acute horn, which is sculptured with close elongate punc-
tures; the pronotal horn, long and acute, faces forward and, in the 
larger individuals, can reach the tip of the cephalic horn.
The female head horn, on the contrary, is short, laterally flat, 
and expanded in anterior-posterior direction to form a crest not 
overhanging the anterior edge of the clypeus. Females do not have 
a pronotal horn, but the median anterior area of the pronotum forms 
a small blunt, squared protuberance (Fig. 1).
Although there are no specific data on the use of the horn by 
individuals of C. rossii, Klemperer (1984) observed that in C. 
hoffmanseggi beetles of either sex resist intruders in the entrance 
to their burrows by a head-to-head pushing contest, without injury 
to either opponent, similarly to males of several species of rhinoc-
eros and dung beetles (e.g. Rasmussen, 1994; Emlen, 1997; 
Moczek and Emlen, 2000). The recurrent association between 
horns and fights over burrows led to the suggestion that tunnelling 
behavior may have been an important ecological prerequisite for the 
evolution of horns in beetles (Emlen and Philips, 2006).
Sample and data acquisition
Due to the rarity and the extreme localisation of the species, we 
avoided new field collection and we analysed a sample of 63 males 
and 42 females from San Rossore courteously provided by G. 
Dellacasa and by Dr. E. Barbero (University of Turin, Italy); due to 
the scientific value of these specimens, we photographed only 
entire animals without dissecting them. We photographed heads 
and pronota using a Leica Z16Apo stereoscope connected to a 
Leica DFC320 digital camera at a magnification of 7.81x (Leica 
Microsystems AG, Wetzler, Germany).
Linear measurements
Morphological measures were taken on the two-dimensional 
images with the software LAS v 2.5.0 (Leica Application Suite) as 
in Fig. 1. Some papers (Tomkins et al., 2006; Moczek, 2006) have 
suggested that some differences in the patterns of horn allometries 
can arises from the method used to measure the beetles’ horns. In 
general, those measurements that reflect the actual shapes of the 
structures (i.e. those able to follow curves, tips and depressions) 
are preferable.
Where landmarks have been used that include a proportion of 
some other body part, the slope will always be affected. For this 
reason, on the head horns we measured separately front (HHL1) 
and back (HHL2) horn edge lengths, as they have two significantly 
different shapes, while on the pronotal horns we measured ventral 
(PHL1) and dorsal (PHL2) horn edge lengths.
On the dorsal view, we measured pronotum width (PW) which 
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was used as a proxy for the overall body size (Emlen, 1994; Moczek, 
1998; Parzer and Moczek, 2008; Pizzo et al., 2012).
Static allometries
We first inspected the trend of the natural variation in pronotum 
width and horn length measurements, making frequency histo-
grams. The number of classes for the size frequency distribution 
histograms of each sex was chosen using Sturges’ rule (k = 1 +
log2n), which has been found to be relatively effective for sample 
sizes that are smaller than 200 (Gouws, 2011). We tested for 
approximation to a normal distribution by running a Kolmogorov–
Smirnoff test (Sugiura et al., 2007). Kernel density curves were 
drawn on the histograms (Munguía-Steyer, 2012), by using Sigma-
Plot version 13.0, from Systat Software, Inc., San Jose California 
USA, www.sigmaplot.com. to help the readers to better visualize the 
differences between the distributions.
We then graphed the log-log scaling relationship between horn 
lengths and body size (static allometries). We first excluded the pos-
sible presence of segmented 
regressions by running Segreg 
(Oosterbaan, 1994) software 
(http://www.waterlog.info/seg-
reg.htm); then, the scaling rela-
tionships were determined by fit-
ting to the log-scaled data both a 
simple linear (y = y0 + bx), and a 
four-parameter non-linear 
regression in the form of the 
four-parameter hill equation:
(Moczek et al., 2004) where x is 
body size, y is trait size length, 
y0 specifies minimum trait size, a 
defines the trait size range in the 
sample, b is the slope coefficient 
and c is the body size at the 
point of inflection of the sigmoid 
curve. A recent study (Nijhout 
and German, 2012) suggested 
that most growth in biological 
systems approximately follows a 
kinetic of growth well described 
by a Gompertz curve. We there-
fore also fitted this equation to 
our data and compared the 
results with those coming from 
the former approaches. To dis-
criminate which model is the 
most appropriate to describe the 
scaling relationship found, we 
first compared r2 values gener-
ated by the two regressions. A 
very small increase in fit when 
using the non-linear with respect 
to the linear regression model is 
expected in most cases, even 
when this doesn’t underlie, in 
fact, a sigmoid scaling relation-
ship. This may be due to the 
larger number of parameters 
available in a sigmoidal with 
respect to in a linear model 
(Moczek et al., 2004). Thus, to 
determine if the two models dif-
fered significantly in how well 
they fitted the data, the residuals from the two regressions types 
were also compared by means of an Extra-Sum-of -Squares F-test 
(Moczek et al., 2004; Macagno et al., 2009). However, some 
authors have expressed concerns in the use of r2 values to com-
pare the goodness of fit between linear and non-linear models, even 
when corrected for the number of parameters taken into account (as 
r2 values cannot properly evaluate non-linear models) (Spiess and 
Neumeyer, 2010); for this reason, the corrected Akaike’s informa-
tion criterion (AICc) (Akaike, 1973; Motulski and Christopoulos, 
2003; Knell, 2009) was used to select the most appropriate models, 
in addition to the r2 values comparison. AIC is based on the princi-
ple of parsimony and helps to identify the model that accounts for 
the most variation with the fewest variables; the model that best 
explains the data is that with the lowest AIC. AICc was used rather 
than AIC as this is preferred when the number of regressions’ 
parameters is large relative to sample size (Burnham and Anderson, 
1998). The AICc value was calculated as in Iguchi (2013).
Kolmogorov-Smirnoff tests, linear and non-linear regression 
y y
ax
c x
b
b b? ? ?0
Fig. 1. Measures, landmark, and semilandmark configuration on horns, head and pronotum in Cerato-
phyus rossii. Top: lateral view of the cephalic horn, with landmark configuration, front (HHL1) and back 
(HHL2) horn length; lateral view of the pronotal horn, with landmark (1–5) and semilandmark (6–11) con-
figuration (male only), ventral (PHL1) and dorsal (PHL2) pronotal horn length. Bottom: dorsal view of the 
pronotum, with pronotum width (PW).
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fits, r2 values and Extra Sum of Squares F-tests, sum of square of 
residuals (SSR) used for the AICc calculation were computed using 
SigmaPlot version 9.0, from Systat Software, Inc., San Jose California 
USA, www.sigmaplot.com.
Geometric morphometrics
Landmark configurations were digitised by using TpsDig 2.16 
(Rohlf, 2010) as shown in Fig. 1: 5 landmarks on the lateral view of 
the male and female head horns and 5 landmarks (1–5) and 6 
semilandmarks (6–11) on the lateral view of the male pronotal horn. 
These were chosen for their relative ease of identification and ability 
to capture the general shapes. Superimposition of landmark config-
urations and subsequent principal component analyses of shape 
variables (PCA) were performed using MorphoJ (Klingenberg, 2011).
To assess the effect of body size on head and pronotal horn 
morphology, a series of multivariate tests for a general linear model 
predicting shape variation as a function of body size was computed 
(Bookstein, 1991); the overall significance of multivariate regres-
sions was assessed by Wilks-Lambda and Goodall F-tests (Goodall, 
1991). All tests and resulting deformation grids were performed in 
tpsRegr 1.37 (Rohlf, 2009).
Trade-off between head and pronotal horns
To investigate the developmental correlations between head 
and pronotal horns, we calculated the expected head and pronotal 
horn lengths for each individual’s body size: to calculate the 
expected horn length we used the regression models obtained ear-
lier that best described the horn length-body size scaling relation-
ship. We calculated horn length residuals (the difference between 
observed and expected values) for each horn type, and we then 
tested for possible correlations between them by using a standard 
linear regression model (Pizzo et al., 2012). Resource allocation 
trade-offs during development should be evidenced by a negative 
correlation between horn length residuals (Emlen, 2001).
RESULTS
Static allometries
In males, pronotum width (PW) showed a normal distri-
bution; both head (HHL1 and HHL2) and pronotal horn 
(PHL1 and PHL2) length distribution failed Kolmogorov-
Smirnoff tests. However, the visual inspection of the fre-
quency histograms for those traits advocated a left-skewed 
distribution, but applying a log transformation to the data 
(May, 1981; Gouws et al., 2011), all of them showed a log-
normal distribution (log-transformed HHL1: K-S Dist. = 0.111 
and p-value = 0.053; log-transformed HHL2: K-S Dist. = 
0.101 and p-value = 0.108 ; log-transformed PHL1: K-S 
Dist. = 0.104 and p-value = 0.086; log-transformed PHL2: K-
S Dist. = 0.079 and p-value > 0.200).
In females, HHL2 and PW failed Kolmogorov-Smirnoff 
Fig. 2. Static allometries of log-log cephalic (HHL1, HHL2) and pronotal (PHL1, PHL2) horn lengths versus body size for females (black cir-
cles) and males (grey circles). For each allometry, the best fitting regression model, resulting from Extra Sum of Squares F-test, is shown. Fre-
quency histograms of the distribution of female body size, HHL1 and HHL2 ( black histograms) and male body size, HHL1, HHL2, PHL1 and 
PHL2 measures (grey histograms). K-S distance values and p values from Kolmogorov-Smirnoff tests are shown for each graph. P > 0.200 
suggests a normal distribution for the data. Kernel density curves on frequency histograms of the distribution of each trait size are shown in 
black (on grey histograms of male traits) and in grey (on black histograms of female traits).
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tests (see Fig. 2), even when log-transformed (log-tran-
formed HHL2: K-S Dist. = 0.165 and p-value = 0.006; log-
tranformed PW: K-S Dist. = 0.164 and p-value = 0.006). 
Table 1. R2 values resulting from both linear and non-linear 
regression fitted to each allometry, F and p values from Extra Sum 
of Squares F-test in Ceratophyus rossii.
Trait
Female Male
Linear
Non-
linear
F-test Linear
Non-
linear
F-test
R2 R2 F p R2 R2 F p
HHL1 0.59 – – – 0.81 0.87 12.16 < 0.001
HHL2 0.27* 0.78 – – 0.82 0.84  2.13 0.126
PHL1 0.89 0.92 12.21 < 0.001
PHL2 0.84 0.87  5.16 0.009
Note: For P < 0.05, the non-linear fit model was accepted. Empty 
values (–) meant that no sigmoidal fit curve was found, except for 
female HHL2, where the segmented linear regression (*) has not 
allowed a comparison with the sigmoidal model by running the 
Extra Sum of Squares F-test.
Table 2. Parameters of regression fit for each trait of Ceratophyus 
rossii. For linear regressions slope and intercept were shown; for 
non-linear regressions the four parameters were shown.
Trait Parameter Female Male
HHL1
a – 0.37
b   1.51 42.44
c – 0.97
y0  –1.56 0.19
HHL2
a   0.11 –
b 140.31 3.35
c   0.99 –
y0   0.45 –2.88
PHL1
a 0.50
b 33.13
c 0.97
y0 0.32
PHL2
a 0.47
b 27.98
c 0.97
y0 0.37
Note: Non-linear regression parameters were a (trait size range), 
b (slope), c (body size at the point of inflection of the curve) and 
y0 (minimum trait size). Bold value meant a not significant param-
eter.
Table 3. Values resulting from AICc comparison between linear 
and non-linear fit model in Ceratophyus rossii. SSR indicates the 
sum of square of residuals and AICc the corrected Akaike’s informa-
tion criterion. The lowest AICc values for each model for each trait is 
indicated in bold.
Trait
Female Male
Linear Non-linear Linear Non-linear
SSR AICc SSR AICc SSR AICc SSR AICc
HHL1 0,1486 –236,423 – – 0,1462 –381,746 0,1036 –402,8
HHL2 0,0412 –290,302 0,0319 –300,012 0,2074 –359,716 0,1935 –359,071
PHL1 0,1196 –394,398 0,0846 –415,564
PHL2 0,1201 –394,135 0,1022 –403,657
Note: Empty values (–) meant that no sigmoidal fit curve was found and 
theSSR and AICc values cannot be calculated.
Fig. 3. Three-dimensional scatter plots of Principal Components 1 
and 2 from shape variable PCA vs. body size (PW) for each structure 
analyzed by means of geometric morphometrics in Ceratophyus 
rossii. The percentage of variance explained by each principal com-
ponent is shown in bracket. In each plot, the smaller size class was 
represented with white points, and the bigger size class with black 
points. Deformation grids representing the shape of each structure 
at the minimum (bottom) and maximum (top) value of the body size 
are shown on the corners.
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Their distribution appears to be bimodal. HHL1 measures 
were normally distributed (see Fig. 2).
Plots of log-log measures of pronotum width (as a proxy 
for body size) versus horn length are shown in Fig. 2.
The presence of segmented regressions, tested by run-
ning Segreg (Oosterbaan, 1994) software, was suggested 
only for female HHL2. However, before the break-point 
(whose value on the x-axis was 0.98) there is no significant 
relationship between HHL2 and body size, and after which 
there is a linear regression. As the coefficient of determina-
tion of the segmented regression was low (0.27) and a 
parameter of the regression line (the intercept) was not sig-
nificant, we also tried to fit a non-linear regression to these 
data. HHL2 allometry showed a strong increase of the fit 
with the sigmoidal regression, even if the parameter b was 
not significant. Female HHL1 scaled linearly with pronotum 
width (Fig. 2; Table 1; Table 2).
In males, a sigmoidal regression model led to a modest, 
but significant, increase in the fit for horn allometries; the 
extra-sum of squares F-test (Table 1) revealed that the four 
parameter non-linear regression was a more appropriate 
model of growth to describe male horn development than a 
linear reaction norm for all traits except HHL2, where linear 
seemed more preferable. Parameters of each regression 
equation are shown in Table 2. The Gompertz equation fit-
ted to the same data produced a sigmoidal curve almost 
identical to that calculated with the four-parameter sigmoidal 
equation. Results of AICc comparisons between linear and 
non-linear models are shown in Table 3. The two analytical 
approaches (AICc and r2 comparisons) give the same basic 
results.
Geometric morphometrics
Taking the point of inflection of the sigmoid curve as a 
threshold (Table 2), we divided the sample into two groups 
of small and large specimens.
Values of the first two principal component scores 
obtained from the PCA of head and pronotal horn shape 
variables obtained from the GPA were plotted on an axis 
system together with pronotum width (PW) measures. Over-
all, PC1 and PC2 described more than 80% of total head 
and pronotal horn shape variation (Fig. 3).
The first principal component showed a stronger corre-
lation between both horn shapes and body size. The head 
horn of the smallest male was shorter, wider and with a 
more linear back edge; the largest male, instead, bore a 
more pointed head horn, with a curve on the back edge, 
forming a hump at landmark 2. Shape variations in the pro-
notal horn were the most evident: smaller specimens had a 
shorter horn with the dorsal edge inclined downwards and 
the ventral edge drawing an almost flat curve; larger speci-
mens had a longer horn with a straight dorsal edge and a 
ventral edge drawing a wavy line with peaks at semi-land-
marks 6 and 8. Also, the line between landmarks 4 and 5 
was longer at lower body size, while it was shortened by the 
downward movement of landmark 4 at a larger size. Com-
paring the head horn shape of minimum and maximum 
female sizes, it could be seen that, with the increase of body 
size, there was an elongation of the frontal line of the horn 
(the distance between landmarks 4 and 5) and a backwards 
movement of landmark 2.
Multivariate regressions between body size and head 
and pronotal horns, as described by partial warps, show the 
correlation between body size and horns, giving statistically 
significant results both for Wilks’ Lambda and Generalized 
Goodall F-tests, as shown in Table 4.
Trade-off between head and pronotal horns
We did not find a negative correlation between head and 
pronotal horn length residuals. The linear regression equa-
tion had a low r2 value (r2 = 0.35) and only one significant 
parameter, the positive slope (b = 0.48; P < 0.001).
DISCUSSION
This paper describes for the first time the horn size and 
shape patterns of a beetle, C. rossii, belonging to the 
Geotrupidae, a family that has received little attention from 
researchers with regard to the study of the horn expression. 
The results obtained for male (head and pronotal) and 
female (head) horns show rather peculiar and complex pat-
terns, which enrich the landscape of horn expression mod-
els described to date in other scarab beetles.
The main findings of this study can be summarized as 
follows:
1) In males, both horn and pronotum measures have a 
log-normal distribution (left skewed in the no log-transformed 
dataset), suggesting that males of C. rossii are not dimor-
phic. However, all the horn-body size scaling relationships 
seem better described by a non-linear (sigmoidal) but con-
tinuous allometry, with the unique exception of the length of 
the posterior part of the head horn (Fig. 2, Table 1). More-
over, significant horn shape changes along with variation in 
body size suggest that bigger animals are not simply the 
enlarged versions of the smaller ones (Fig. 3, Table 4).
2) Females show an allometric pattern that was difficult 
to interpret, suggesting intrasexual dimorphism. Measures 
of head horn and pronotum did not follow a normal distribu-
tion but appeared bimodally distributed. The bimodal distri-
bution observed is unlikely to have arisen due to sampling 
error: this pattern is in fact reflected also by: a) the non lin-
Table 4. Values resulting from multivariate regression analysis in Ceratophyus rossii. Test values (Wilks’ λ , Fs
and F), numbers of degrees of freedom (df1 and df2) and p values were reported.
Sex Trait
Wilks’ λ Generalized Goodall F-test % var.
explainedWilks’ λ Fs df1, df2 p F df1, df2 p
Female Head horn 0.56 4.59  6, 35   0.002  6.60 6, 240 < 0.001 15%
Male
Head horn 0.48 9.94  6, 56 < 0.001 10.99 6, 366 < 0.001 16%
Pronotal horn 0.39 3.68 18, 44 < 0.001 27.14 18, 1098 < 0.001 31%
Note: In the last column is shown the percentage of shape variation explained by body size variance.
A. Pizzo et al.68
ear/segmented allometry of the head horn (HHL2, the dorsal 
measure better describing the real dimensional variation of 
the horn, following crests and troughs) (Fig. 2); b) the signif-
icant horn shape change along with body size variation (Fig. 
3, Table 4).
3) In males, no evidence supporting the occurrence of a 
developmental trade-off between head and pronotal horn 
was found. There was instead a weak significant positive 
correlation between head and pronotal horn length residu-
als, suggesting that males that express a relatively long 
head horn also developed a relatively long horn on the pro-
notum.
These findings have been compared with the patterns of 
male and female horn expressions found in other horned 
beetles, in particular with the best-studied Onthophagus
species, which have virtually monopolized the scientific liter-
ature on this topic. Due to the lack of information available 
on almost all aspects of the biology of C. rossii, most of the 
evaluations we can made here have an exploratory nature, 
and must be considered as a track to drive more focused 
studies on the reproductive behavior, ecology and life his-
tory of this species.
1) Shape changes along with body size increase and 
sigmoidal allometric relationships between horn length and 
body size are frequently found in other Scarabaeinae and 
Dynastinae beetles (i.e. in Onthophagus (Emlen, 2001; 
Emlen et al., 2005; Macagno et al., 2009; Pizzo et al., 2012); 
Xylotrupes (Rowland, 2003) and Calchosoma (Kawano, 
1995)): when these patterns are accompanied by non-linear 
allometry and by a clear bimodality in horn length frequency 
distributions, they can reveal a threshold-dependent mech-
anism of horn expression, with a developmental switch point 
separating major and minor morphs within males. However, 
in Ceratophyus rossi males, even if larger males seem to be 
not simply expanded versions of the smallest ones, no such 
bimodality in horn length or in pronotum width frequency dis-
tributions was found. Moreover, the very weak difference in 
the goodness of the fit between linear and non-linear allom-
etry, although in favor of the sigmoid, suggests a not well 
defined boundary between a linear and a non-linear model 
of growth: this kind of deviations from simple linearity in 
static allometries, without other clues suggesting a thresh-
old-dependent mechanism of horn expression, can be inter-
preted as the results of a competition for limited resources 
within the pupae (Nijhout and Wheeler, 1996; Knell et al., 
2004) and changes in the nature of selection on body parts 
with increasing body size (Pomfret and Knell, 2006; Kojima 
et al., 2014). Moreover, our frequency distribution of horn 
and body size showed that intermediate phenotypes are 
selectively favored: this occurs when the developmental sys-
tem imposes constraints on maximum body size in smaller 
males and minimum body size in larger males and horn 
length changes rapidly over a narrow range of body sizes 
(Rowland, 2003).
Hongo (2007), studying a population of the Dynastinae 
Trypoxylus dichotomus septentrionalis, observed a non-
bimodal distribution for the measures of horns and body size 
and a non-linear model of growth for the horn. He attributed 
the non-linear but continuous allometry to rather low male-
male competition, as a result of a low density of individuals 
in the populations studied, and the non bimodal but skewed 
distribution (in this case slightly biased in favor of large 
males) to the fact that larger males gained more reproduc-
tive success than minor males. As C. rossi is a rare and 
localized member of the winter beetle fauna with a precari-
ous conservation status, we hypothesize that population 
density and, consequently, male-male competition may be 
quite low; however, more focused analyses should be con-
ducted to understand whether the left skewed distribution 
found in C. rossii might indicate a greater reproductive suc-
cess for the minor forms in a context of low male-male com-
petition (Buzatto et al., 2012).
2) Since males are typically the more adorned sex, the 
majority of studies have focused solely on secondary sexual 
trait evolution in males (Kijimoto, 2012). The evolution of 
such traits in females has generated much less interest and 
has only rarely been explored. To our knowledge, there are 
no studies on female horn allometries in beetle species not 
belonging to the genus Onthophagus, so it is not possible 
to place our results on Ceratophyus in a wider range of com-
parisons. Emlen et al. (2005) mapped the presence/absence 
of horns in females, major and minor males onto a phylog-
eny of the genus Onthophagus, to explore how horn devel-
opment has changed over time. In all cases but one, when 
females bear horns, they had the same basic shape as cor-
responding horns expressed in males. The single exception 
involved the head horn of O. sagittarius females, which was 
qualitatively different from the corresponding males horn as 
for C. rossii). In all that cases, and in O. sagittarius too, 
female horns showed linear allometry (Emlen et al., 2005; 
Moczek, 2009). So, the non-linear allometry found in the 
female horn of C. rossii seems to be an important exception 
to this general rule. Unfortunately, at the present there are 
no detailed observations on the reproductive behavior, 
female competition and parental care for the C. rossii
femalse which may help to understand the reasons for this 
dimorphism in females. We only know, from a study on the 
congeneric C. hoffmanseggi (Klemperer, 1984), that 
females bury dung to form a series of underground brood 
masses, and that females help males in resisting intruders 
in the entrance to their burrows by a head-to-head pushing 
contest. As male-male competition played a role in shaping 
the pattern of horn expression, thus similar selective forces 
should be able to shape female horn expression pattern; for 
example, Watson and Simmons (2010) found that O. 
sagittarius females with longer horns produced more brood 
balls, gaining greater resource acquisition and achieving 
higher fitness, a rare example of sexual selection via female 
contest competition acting on female secondary sexual 
traits. This kind of force should be a good candidate to pro-
duce dimorphism in females even in a threshold dependent 
manner. However, experimental studies on the reproductive 
behaviour of C. rossii are needed to evidence if the size of 
the cephalic horn might be subject to sexual selection.
3) Developmental tradeoffs have been described by 
phenotypic correlations in a certain number of species, 
especially between traits that grow in close proximity or at 
the same time (Kawano, 1995, 1997; Klingenberg and 
Nijhout, 1998; Nijhout and Emlen, 1998; Moczek and 
Nijhout, 2004). Experimental studies on Onthophagus spe-
cies have also suggested that, if there is an overlap between 
growth periods, even distant structures, such as other horns 
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and copulatory organs, can engage in a developmental 
tradeoff (Moczek and Nijhout, 2004; Parzer et al., 2008; 
Pizzo et al., 2012). In Ceratophyus rossii no evidence sup-
porting the occurrence of a tradeoff between head and pro-
notal horn development was found: there was instead a 
weakly significant, positive correlation between head and 
pronotal horn length residuals. A very similar scenario was 
described by Moczek et al. (2004) for the developmental rela-
tionships between head and pronotal horns in Onthophagus 
watanabei: male O. watanabei develop a pair of long curved 
horns on the head which scale in a largely linear fashion 
with body size and a thoracic horn which develop in a 
strongly body size threshold-dependent fashion: no evidence 
of trade off between the two horn type was found, but a pos-
itive correlation. The authors suggested that the lack of trade 
off between head and pronotal horns could be explained by 
the horns’ location in different body regions and the lack of 
overlap in timing of horn development; they reported, in sup-
port of their hypothesis, that large Onthophagus nigriventris
initiate the growth of their single thoracic horn at least 24 h 
earlier than O. taurus initiate the growth of their paired head 
horns. Besides, the positive correlation might arise if some 
aspect of the regulation of horn growth is shared between 
horn types and affects different horns in the same fashion.
The uniqueness and distinctiveness of the patterns 
found in C. rossii suggest us the importance of focusing 
efforts on widening the study of all possible horn expression 
patterns going beyond those species currently considered 
as models for the whole horned beetle group. The results 
obtained from C. rossii are also important in relation to the 
peculiar ecological status of rare, endangered stenoendemic 
species; we cannot predict how long there is left to investi-
gate the model of growth evolved in such species character-
ized by rarity and extinction risk.
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